The cardiovascular dysfunction in children born with assisted reproductive technologies has been of great concern. However, the association of ovarian hyperstimulation syndrome (OHSS), a complication of assisted reproductive technologies, with worse cardiovascular functions and underlying mechanism remains unknown.
O
varian stimulation is an essential step of assisted reproductive technologies (ARTs). Ovarian overresponse to the stimulation leads to ovarian hyperstimulation syndrome (OHSS), which occurs during early pregnancy (1) . OHSS is characterized by elevated serum estradiol level, massive cystic ovarian enlargement, and fluid shift from the intravascular compartment into the peritoneal, pleural, or pericardial cavities (2) . Intravascular volume depletion also leads to oliguria, electrolyte imbalance, liver dysfunction, and even thromboembolic phenomena (2) . The elevated estradiol lasts during the first trimester (3). The incidence of moderate or severe OHSS after ovarian stimulation ranges from 0.5% to 6% according to different studies (1) . With the extensive applications of ovarian stimulation and ARTs (related with 1%-4% of births in developed countries) (4), more and more children are born under the stress of ovarian hyperstimulation. Sharing all characteristics with ARTs but elevated serum estradiol and progesterone levels and some intravascular volume depletion symptoms, OHSS is considered as a model to study the effects of ovarian stimulation on ARTs related offspring.
Accumulating evidence has indicated that ARTs may be associated with long-term cardiovascular alterations of offspring. Elevated blood pressure (BP) (5) and systemic and pulmonary vascular dysfunctions (6) were observed in 12-year-old ART-related children. A well-designed study showed that ART-related children manifested cardiovascular remodeling in fetal and postnatal life (7) . However, it is unknown whether children under the stress of ovarian hyperstimulation show the same long-term cardiovascular changes or even worse changes.
In the present study, we examined whether children born to OHSS women might be associated with cardiac and/or vascular changes and investigated the possible underlying mechanism. We designed a retrospective cohort study including 42 healthy Han Chinese children born to OHSS women, 34 children conceived with non-OHSS in vitro fertilization (IVF) and 48 spontaneously conceived (SC) children (3-7 y old) to evaluate cardiac and vascular functions. We also conducted a proteomics analysis of umbilical arteries using the isobaric tag for relative and absolute quantitation (iTRAQ)-labeling technique to identify candidate proteins that were responsible for the changes of cardiovascular function.
Materials and Methods

Study population and sample collection
We recruited 42 healthy Han Chinese children born to OHSS women, 34 children conceived with non-OHSS IVF, and 48 SC children born during the same period from 2003 to 2007 for the cardiovascular function evaluation. OHSS was diagnosed and classified according to the new criteria of Golan and Weissman (8) . The ages of children were from 3 to 7 years. All OHSS cases were fresh embryo transfer. The children born to OHSS women were contacted by telephone (and those who agreed to participate and met the inclusion criteria were recruited). Non-OHSS IVF and SC children were recruited among children with similar age born in the same hospital. Non-OHSS IVF and SC children were matched for gestational age at delivery and birth weight. Mothers with previous cardiovascular disease (CVD) were excluded (Table 1) .
Parental baseline and ART characteristics were collected through parental interview and review of medical records. Basal serum sexual hormone levels were measured on day 3 of ART cycle. BP and the serum levels of fasting blood glucose, triglycerides, total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol were measured at prenatal evaluation in the third trimester.
Umbilical cords were collected from seven OHSS and seven normal singleton pregnancies (different population from those examined for cardiovascular function) immediately after delivery. Mothers with a previous CVD or gestational complications were also excluded. Three umbilical cord samples from each group were selected for proteomics analysis. The rest of the samples were used for Western blotting validation. The clinical characteristics of normal and OHSS mothers are shown in Supplemental Table 1 and Supplemental Table 3 , respectively. After washed in normal saline, umbilical arteries were dissected from umbilical cords and were frozen at Ϫ80°C for storage.
The Ethics Committee of Women's Hospital, School of Medicine, Zhejiang University (Hangzhou, China) approved the study, and written informed consent was obtained from one of the parents of the children and from the women whose umbilical cords were collected. The investigation conforms to the principles outlined in the Declaration of Helsinki.
Vascular assessment
Endothelial function and arterial stiffness were assessed by a noninvasive ultrasound technique. The same ultrasound investigator, blinded to all clinical data, examined and evaluated all children in this survey. All measurements were performed after 30 minutes of supine rest. The equipment used for ultrasound was a Philips HD11 XE ultrasound machine, equipped with a 7-to 9-MHz linear transducer.
Endothelial function was measured using the flow-mediated vasodilation (FMD) technique (6) . The probe was held at 5 cm above the antecubital fossa. When an optimal longitudinal, Bmode image of brachial artery was obtained, the probe was held stable, and the images were recorded continuously throughout the study. After 1 minute of baseline measurement, a pressure cuff placed around the forearm was inflated to 250 mm Hg for 5 minutes. After deflation of the cuff, the hyperemia-induced changes in brachial artery diameter were measured continuously for 3 minutes. B-mode ultrasound images were analyzed with edge detection software (brachial analyzer; Medical Imaging Applications). FMD was presented as the maximal percentage change in vessel diameter from baseline.
To assess arterial stiffness, the left common carotid artery was examined at 1 cm under the carotid bifurcation under the M-mode as previously described (9) . Systolic and diastolic diameters of the common carotid artery were determined in three different heart cycles. Systolic diameter was fixed at the maximal diameter, and diastolic diameter was fixed at the minimal diameter. The diameters were measured with onscreen calipers. The intima-media thickness was defined as the distance between the lumen/intima and the media/adventitia interfaces. Supine BP was measured automatically (with VS-800; Mindray) from the left brachial artery during the ultrasound examination.
On the basis of the above ultrasound measurement and concomitant supine BP measurement, the indices of arterial elasticity, including arterial compliance, pressure-strain elastic modulus, and stiffness index, were calculated as previously described (9) . Details of calculation are shown in Supplemental Methods.
Echocardiography
Echocardiography was performed following a standardized protocol (7) using a Philips HD11 XE ultrasound machine (Philips Medical Systems) with an S8 -3 sector array transducer (3.0 -8.0 MHz). Children were examined when resting quietly. Left ventricular ejection fractions (in percentages) were obtained from the M-mode from the left parasternal short-axis view using the Teichholz formula. Left shortening fraction was calculated from internal ventricular diameters obtained from a parasternal long-axis view by M-mode using the following equation: (end diastolic dimension Ϫ end systolic dimension)/end-diastolic dimension. Transmitral inflow velocities were assessed by pulsedwave Doppler, with the sample volume placed between the mi- tral leaflet tips in the apical four-chamber view. The peak and late transmitral velocities were assessed, and the ratio of early to late mitral peak velocities (E/A) was calculated. Left isovolumic relaxation time (IRT) was measured from the closure of the aortic valve to the opening of the mitral valve. One cardiologist performed all the echocardiographic evaluations and was blinded to the treatment groups.
Proteomic sample processing and instrumental analysis
iTRAQ labeling and quantitative liquid chromatography and mass spectrometry proteomics were performed as previously described (10) . The data of the proteomics studies are available upon request. Details are presented in the Supplemental Methods.
Feature selection, functional annotation, network, pathway, and upstream analysis of proteins
Information gain attribute evaluator and correlation-based feature selection from WEKA machine learning package1 (11) were used for the protein selection from the mass spectrometry intensity values. The selected proteins were further inspected to retain the ones with a differential expression ratio of over Ϯ1.2.
Functional and pathway analyses of differentially expressed proteins were performed with Ingenuity Pathways Analysis (IPA). In the functional network, proteins were represented as nodes, and the biological relationship between two nodes was represented as an edge (line). All edges were supported by at least one published reference or from canonical information stored in the IPA database (12) .
Upstream regulator analysis, which was used to predict the regulators and infer their activation state, was based on prior knowledge of expected effects between regulators and their known target genes according to the IPA Database. A z-score was calculated and used to determine whether gene expression changes for the known targets of each regulator were consistent with those that were expected from literatures.
Statistics
SPSS Statistics 16 (IBM) was used for the statistical analysis. Data are presented as mean (SE) or percentage as appropriate. Comparisons between two groups were performed using Student's t tests. One-way ANOVA was used to compare differences among multiple groups, followed by least significant differences post hoc test for significance. Categorical variables were compared by using two-tailed Fisher's exact tests. All reported P values are two sided. On the basis of previous studies of the examination of children with cardiac functions (7, 13) , the sample size was calculated. With a 0.2 difference in the mitral E/A ratio assumed between OHSS and SC subjects (SD of mitral E/A ratio, 0.3; power Ͼ0.80; ␣ ϭ .05), 36 subjects were needed in each group to address this aim. Sample size calculation was performed using the online calculator of University of British Columbia (http://www.stat.ubc.ca/ϳrollin/stats/ssize/n2.html). Adjusted linear regression was used to exclude influence of preeclampsia and gestational diabetes on analysis. P Ͻ .05 was considered significant.
Results
Baseline and perinatal characteristics
Baseline and perinatal characteristics of the study population are shown in Table 1 . The maternal characteristics, occurrence of pregnancy complications, and delivery data were comparable among the SC group, non-OHSS IVF group, and the OHSS group (Table 1) . The serum estradiol level on the human chorionic gonadotrophin (hCG) day in OHSS women was significantly higher than that in the non-OHSS women ( Figure 1A ). On the other hand, the serum estradiol levels at 4 and 8 weeks of gestation and in umbilical blood in OHSS women were significantly higher than not only those in non-OHSS IVF women but also those in SC women ( Figure 1, A and B) . OHSS women also showed significantly higher progesterone level in umbilical blood than non-OHSS IVF and SC women ( Figure 1C ). On the other hand, there was no significant difference in the body weight gain during the gestation among three groups (data not shown).
Cardiovascular ultrasound assessment of children
The children were 4.5 years old on average ( Table 2 ). The mean height and weight were similar among three groups. Left ventricular ejection fraction and shortening fraction, two indices of ventricular systolic function, were comparable among three groups. OHSS children showed significantly decreased mitral E/A ratio, heart rate, and elevated left ventricular IRT, compared with SC children (Table 2) . OHSS children also showed a decreased E/A ratio compared with non-OHSS IVF children (Table 2 and  Supplemental Table 4 ). BP was similar among the three groups. The OHSS children showed reduced systolic and diastolic diameters of the common carotid artery (CCA), compared with the SC children ( Table 2 and Supplemental Table 4 ). When compared with non-OHSS IVF children, the OHSS children also showed decreased CCA systolic diameter (Table  2 and Supplemental Table 4 ). Impaired flow-mediated dilation in OHSS children was discovered compared with both SC and non-OHSS IVF children (Table 2 and Supplemental Table 4 ). Arterial stiffness indices including pressure-strain elastic modulus, stiffness index, and arterial compliance were similar among the three groups (Table 2). On the other hand, there was no correlation between the age of offspring and the indices of cardiovascular functions in each group (Supplemental Table 5 ).
Proteomics analysis
In the current study, 1640 proteins were identified in OHSS and SC umbilical arteries with the iTRAQ-labeled proteomics approach. Using information gain attribute evaluator and CFS from the WEKA machine learning package1 and the criteria of fold change over Ϯ1.2, 40 differentially expressed proteins (DEPs) were retained for further analysis (Figure 2A and Supplemental Table 2 ). Hierarchical clustering was performed on the data set of DEPs that was differentially expressed between OHSS and SC umbilical arteries. After unsupervised clustering, we observed that the OHSS group showed a distinct gene expression pattern compared with the SC group, suggesting a significant impact of OHSS on protein expression ( Figure 2B ).
To further interpret the biological roles of DEPs, IPA was used to analyze the expression data in the context of known biological response and regulatory networks as well as other higher-order response pathways to assign functional information and biological relevance. These results are presented as a negative logarithm of the significance level, which is a statistical score and is a measure of the likelihood of the genes in a given network being found together as a result of chance determined by Fisher's exact test (see Materials and Methods for details). DEPs enriched in the category of diseases and disorders, the category of molecular and cellular functions, the category of physiological system development and function, and, the category of metabolism were shown in Figure 3 , A-D, respectively. Gluconeogenesis I was the most significant subcategory in the category of metabolism ( Figure 3D ).
Other subcategories in the metabolism category included reduced nicotinamide adenine dinucleotide repair, superoxide radicals degradation, oxidative phosphorylation, nicotinamide adenine dinucleotide (NAD) phosphorylation and dephosphorylation, and glutathion redox reactions I, which were related to oxidative stress. We performed additional Western blotting to verify key proteomic differences discovered by iTRAQ analysis. We confirmed that extracellular superoxide dismutase (SOD3) and glutathione peroxidase 1 (GPX1), which might perturb the oxidative stress, were altered (data not shown). The Western blotting results were essentially in agreement with iTRAQ results. To explore the cardiovascular responses to OHSS at the protein level, we characterized the functional relationship among the DEPs. As shown in Figure 4A , these differentially expressed proteins were involved in cell morphology, cellular assembly, and organization.
To identify upstream signaling molecules that may underlie the DEPs in OHSS umbilical artery, we performed the upstream regulator analysis in IPA. We found that tumor protein P53, nuclear factor of -light polypeptide gene enhancer in B cells inhibitor-␣, and transforming growth factor ␤-1 might be inhibited (z-scores were Ϫ2, Ϫ1.76, and Ϫ1.44, respectively), and progesterone and estradiol might be activated (z-scores were 1.98 and 1.27, respectively) in the OHSS umbilical artery ( Figure 4B ), suggesting that these molecules might contribute to the cardiovascular changes of children born to OHSS women.
Discussion
Previous reports demonstrated the signs of vascular dysfunction and cardiovascular remodeling in children conceived by ARTs (6, 7) . In the present study, we found that children born with IVF, especially with OHSS, showed an alteration of cardiovascular functions, and the involvement of supraphysiological levels of estradiol and progesterone were indicated.
Children born to women with OHSS showed a 10% lower mitral E/A ratio than SC children. The ratio of early to late mitral peak velocities (E/A) can reflect cardiac diastolic function, and a reduction of cardiac diastolic function may be associated with left cardiac diastolic dysfunction (14) . The present study showed that there was a tendency of a decreased E/A ratio of OHSS children when compared with that of non-OHSS IVF children. Moreover, we found that IRT in OHSS and non-OHSS IVF children were longer than that of SC children. The longer IRT suggests reduced cardiac diastolic function (15) . Measurement of endothelium-dependent FMD can be used to C1  C2  C3  T2  T1  T3   LXN  MAGED2  AMBP  UCHL1  NADK2  UBR4  ARF6  KPNA4  TNPO1  HNRNPF  ENO3  EFEMP1  ACIN1  KRT8  KRT18  TPM4  S100A13  SDPR  AGRN  ANXA4  SGCE  RPL23  RPS6KL1  GNS  SURF4  GPX1  NDUFV2  DHX15  NDUFA10  MUSTN1  GAPDH  GPC6  SOD3  HIST1H2AH  TMTC3  PGRMC2  SF3B1  TUBG1  SERPINE2 evaluate the endothelial function. Our results showed that IVF children including OHSS children and non-OHSS children displayed reduced FMD compared with SC children. However, the reduction of FMD in OHSS children was more significant than non-OHSS IVF children. A previous study showed that there was no difference in FMD between OHSS and SC children, although ART children showed decreased FMD compared with SC children (6) . This result is inconsistent with our results. The different results between the previous study and our study may be due to the small OHSS sample size in the previous study. The results from the present study suggest that ovarian hyperstimulation may have an increased risk of cardiovascular dysfunction.
Umbilical blood vessels including the vein and artery might be useful in detecting differential phenotypes of blood vessels because vascular wall cells experience the effect of hormonal and hemodynamic changes, which occur during the fetal life period (16) . Abnormal Ca 2ϩ handling and nitric oxide production have been detected in the umbilical vein endothelial cells from preeclampsia deliveries (17) . The increment of fetal exposure to maternal cortisol can produce imprinting patterns of response in vascular structures and cerebral tissue that persist throughout life (18) . In the present study, the analysis of differentially expressed proteins in umbilical arteries revealed that the metabolic pathways including glucose metabolism (gluconeogenesis I and glycolysis I) and oxidative stress (nicotinamide adenine dinucleotide hydroxide repair, superoxide radical degradation, oxidative phosphorylation, nicotinamide adenine dinucleotide phosphorylation and dephosphorylation, and glutathion redox reactions I) were significantly altered. Oxidative stress has been considered as one of the pathological mechanisms of cardiovascular diseases (19 -21) . Dysregulation of glucose metabolism and the oxidative pathway suggests that they may be involved in the mechanisms of OHSSrelated cardiac and vascular changes in the offspring.
Among the DEPs, SOD3, GPX1, NAD kinase 2, NADH dehydrogenase [ubiquinone] flavoprotein 2, NADH dehydrogenase [ubiquinone] 1 ␣ subcomplex subunit 10, and glyceraldehyde-3-phosphate dehydrogenase are related to oxidative stress. SOD3-deficient mice showed exacerbated pressure overload-induced heart failure (22, 23) . SOD3 might prevent angiotensin II-induced endothelial dysfunction (24), and the plasma SOD3 level in smokers was found to be a predictive risk factor for coronary spasms (25) . GPX1 is one of the most important antioxidant enzymes in human beings and plays a protective role in endothelial dysfunction (26, 27) . The lack of GPX1 was shown to accelerate cardiac hypertrophy during hypertension (28) . Alteration of these oxidative stress- Pathway analysis was performed based on differentially expressed proteins. For this purpose, the IPA, which analyzes the expression data in the context of known biological response and regulatory networks as well as other higher-order response pathways to assign functional information and biological relevance, was used. These results are shown as the negative logarithm of significance, which is a statistical score and is a measure of the likelihood of the genes in a given network being found together as a result of chance, as determined by a Fisher's exact test. NADH, reduced nicotinamide adenine dinucleotide.
related proteins in umbilical arteries may predispose further cardiovascular dysfunction.
The present study provides information on the potential factors that might increase the risks of cardiovascular dysfunctions in OHSS offspring. These potential factors may include parental predisposing factors, epigenetic alteration after embryo manipulation, and abnormal hormone levels. However, the present study excluded several potential factors including maternal age, body mass index (BMI), occurrence of pregnancy complications, BP, lipid metabolism, fasting glucose, and gestational age at delivery and birth weight because these parameters were comparable among the OHSS, non-OHSS IVF, and SC groups.
The supraphysiological hormone level is another potential factor responsible for the cardiovascular changes. With IPA upstream analysis, we predicted that progesterone (z-score ϭ 1.982) and ␤-estradiol (z-score ϭ 1.271) might be activated in the OHSS umbilical artery. An OHSS pregnancy is characterized by the higher plasma estradiol and progesterone in early pregnancy compared with a spontaneously conceived pregnancy (29) . Compared with an IVF pregnancy, an OHSS pregnancy has the similar progesterone but the higher estradiol level (29, 30) . The elevated estradiol level was associated with the greater odds of delivery of a small-for-gestational-age infant in IVF (31) . A recent report suggested that ovarian stimulation has a direct effect on 4-year-old IVF offspring (32) . To date, the association between prenatal exposure of high estradiol/progesterone and cardiovascular changes of offspring is still unclear. OHSS, as a complication of ARTs, shares a lot of similarities with ARTs but with a higher estradiol level during early pregnancy. Our data of cardiovascular evaluation showed that with the elevated estradiol, OHSS children displayed reduced FMD and E/A ratio. Proteomics analysis also highlighted the potential role of estradiol in the increased risk of cardiovascular The IPA upstream regulator analysis was used to identify key regulatory molecules predicted to explain the protein expression differences observed between OHSS and control umbilical arteries. Progesterone and ␤-estradiol were identified as activated upstream regulators (B); TP53, NFKBIA, and TGFB1 were identified as inhibited upstream regulators (C).
doi: 10.1210/jc.2014-2349 jcem.endojournals.org E2501 dysfunction of OHSS offspring. These data provide a clue to the mechanisms involved in the cardiovascular dysfunction of OHSS and ART-related offspring. There are several limitations and considerations with regard to the present study. The alterations reported here are subclinical and most indices lie within normal ranges. Although these differences are recognized as potential cardiovascular risk factors, their long-term persistence and association with adult cardiovascular diseases remain unclear. On the other hand, the association of the differentially expressed proteins in umbilical arteries with the cardiovascular functions and structure should be clarified. Therefore, it is necessary to carry out the longer follow-up of these OHSS children to determine whether an OHSS pregnancy remains a risk factor in later life. Some Doppler echographic tests that could strengthen our results were not performed because of the limitation of the local situation. We acknowledge that several potential confounders may have interfered with our results. However, controls were matched for gestational age at delivery and birth weight, and mothers with previous CVD were excluded. Other potential confounders such as gender, twin rate, incidence of pregnancy complications, and mother statuses at delivery were similar among the studied groups. Additionally, we have noticed that the difference in heart rate may influence other echography indices. The E/A ratio negatively correlated with heart rate (33) . Our data showed that the E/A ratio and heart rate in OHSS children were lower than in SC children. So the difference in heart rate was not responsible for the difference in the E/A ratio observed in the study. To avoid the influence, we also made a partial correlation analysis between heart rates and other echography indices and found no significant correlation.
Conclusions
In the present study, we found that children born to ovarian-hyperstimulated women showed markedly impaired cardiac diastolic function and endothelial function. Through iTRAQ analysis, we also overviewed the differences in the protein profile in the umbilical artery between the OHSS and SC groups and inferred the involvement of supraphysiological levels of estradiol and progesterone in children born to ovarian-hyperstimulated women.
